The effect of deciduous trees growing above antenna height on data collected by permanent Global Positioning System (GPS) stations was investigated. Signal blockage due to foliage and branches was found to have the same effect as an increased elevation cutoff angle, i.e., there was a change in the computed position. Height estimates were affected the most, showing a decrease with tree growth. Empirical Orthogonal Function (EOF) analysis on the height-time series from five test sites and two stations surrounded by trees showed a similar EOF mode of signal. Signal availability, computed as the ratio of the complete to possible set of observations, decreased with increasing tree growth and showed seasonal variation, with the observation ratios being higher during the winter months when the leaves had fallen. A similar seasonal variation was observed in multipath error and signal attenuation due to foliage. The multipath error index MP2 was computed using the TEQC program and found to increase at a significant rate at sites with growing trees. Signal attenuation was analyzed using 1-σ uncertainties from the estimation process of daily GPS data processing. While 1-σ uncertainties did not show any seasonal variations at sites without trees, they were highly dependent on conditions related to the seasonal change of foliage when deciduous trees were near the antenna.
Introduction
About 90 permanent Global Positioning System (GPS) stations were operational in South Korea as of July, 2008. These sites are used for various GPS applications, such as real-time navigation, precise surveying, geodesy, and Earth science studies. Since the average operation period of those stations is about 8 years, the site velocities derived from the continuous GPS measurements are an indispensible geodetic tool for crustal deformation studies of the Korean peninsula and the surrounding area (Hamdy et al., 2005; Jin and Park, 2006) . For example, Jin and Park (2006) processed 4 years of data and computed the horizontal velocities of 45 GPS sites in South Korea and found that the GPS-derived seismic moment accumulation rate is significant and consistent with recent historic earthquakes and fault zones in South Korea. However, truly three-dimensional (3-D) tectonic studies of the Korean peninsula deformation based on GPS measurements have not yet been conducted.
As a preliminary step for the vertical displacement analysis of the Korean peninsula, we selected 53 GPS stations in Korea and processed 7 years of continuous data. Based on this analysis, we determined that the average uplift rate of the 53 sites is 2 mm/year (Park, 2007) . However, two of the sites, INCH and PAJU, located in Incheon and Paju, respectively, in the northwestern part of South Korea show a relatively low vertical velocity, with a rate of almost zero, which is 2-3 mm/year lower than that of nearby sites. As the inter-site distances are at the most several tens of kilo-meters, the abnormal rates of vertical velocity at INCH and PAJU must be due to local effects. A visit to the two sites to check the site-specific environments revealed the presence of trees growing nearby that were 2-6 m higher than the antennas. This led to the suspicion that the trees growing above the GPS antenna may be the reason for the apparently low uplift rates.
The availability and attenuation of GPS signals due to foliage depends on various parameters, such as tree height, type of tree, thickness of leaves, density of trees, distance from the antenna to the tree, canopy shape, and tree base (Lachapelle et al., 1994; Spilker, 1996) . Lachapelle et al. (1994) investigated the seasonal effect of deciduous tree foliage on GPS signal availability and accuracy for vehicular navigation and found that the range availability was superior on the test date prior to foliage growth. Spilker (1996) characterized foliage attenuation as attenuation in dB/m of foliage penetration for stationary and mobile users. Koh and Sarabandi (2002) investigated the attenuation, depolarization, and fluctuation of a microwave signal going through a tree canopy, developing a Monte Carlo coherent scattering model. This model is considered to be particularly effective for analyzing the performance of GPS receivers under tree canopies.
In the study reported here, we performed an in-depth analysis on the signal availability and accuracy deterioration due to foliage and its effect on position estimates. We focused on permanent GPS stations. First, the height-time series of five permanent GPS sites close to each other were compared and the common-mode signal characteristics analyzed. The effect of foliage on the GPS coordinate estimates was then analyzed, with a special focus on the vertical com- 
The GPS Height-Time Series Analysis
Among the 53 permanent GPS sites analyzed by Park (2007) , two sites, namely, ICNW and PAJU, both near the Seoul metropolitan area, showed abnormally low rates of crustal uplift. This was especially evident for the INCH station, which showed the lowest vertical velocity of all the 53 sites. The initial suspicion was that INCH may actually be subsiding because part of the Incheon area is reclaimed land. Therefore, in our study, we included a second site (ICNW) in the Incheon area as a control to check if subsidence is actually occurring in this region. The ICNW station, which is within 10 km of INCH, is the first permanent GPS site in Korea to be installed right at the tide gauge site so as to be able to monitor the crustal deformation of the tide gauge station. Two additional sites, SUWN and SEOS, were also included in this analysis. The site locations of the GPS stations and the types of GPS receiver and antenna at each station are listed in Table 1 .
Of the five sites included in our regional analysis, four stations (excepting ICNW) have been in operation since at least May 2000; ICWN was installed in September 2005. Thus, for an objective comparison, we only processed data from September 2005 through to January 2008. GIPSY-OASIS software (GPS Inferred Positioning System-Orbit Analysis and Simulation Software), developed by the Jet Propulsion Laboratory (JPL), was used to process the GPS data. In particular, the precise point positioning strategy (Zumberge et al., 1997) was used with earth orientation parameters and GPS satellite orbit and clock solutions provided by JPL. These JPL products are non-fiducial ones (Heflin et al., 1992) , and the orbit and clock information are sampled at 300-s intervals. After data processing, we used transformation files (referred to as x-files) to align the site position to the IGS05 frame.
Antenna phase center variations, ocean tidal loading displacements, and atmospheric loading effects were corrected as standard procedures of high-precision GIPSY-OASIS data processing. Relative calibration tables published by the National Geodetic Survey of the USA were used in order to consider antenna phase center variations in terms of elevation angles (Mader, 1999) . The ocean tidal loading dis- placements were also corrected for on an epoch-by-epoch basis by utilizing 11 major constituents from NAO.99b model (Matsumoto et al., 2000) . The atmospheric loading effects at 6-h intervals were computed using the APLO program (Petrov and Boy, 2004) , and the daily average displacement was derived from these atmospheric loading effects. The daily GPS height-time series was then corrected using the daily atmospheric loading values. The shortest inter-site distance is between ICNW and INCH (9.1 km), and the longest is between PAJU and SEOS (109.8 km). SEOS). Given the short distance between INCH and ICNW, the velocity difference of approximately 8 mm/year is unusual. Similar patterns in the time series of a regional network have been observed in previous geodesy studies; the repeatability of the time series was reduced by modeling and removing common-mode signals (Wdowinski et al., 1997; Dong et al., 2006) . Similar trends can be observed in Fig. 1 . For example, the dips in early 2006 occur at all sites, and thereafter height estimates rebound by almost the same amount. Even a quick visual inspection reveals that certain common-mode signals exist in the time series and that INCH and PAJU are subsiding with similar patterns. For a more quantitative analysis, we performed an Empirical Orthogonal Function (EOF) analysis on the times series of Fig. 1 . EOF analysis is a powerful tool that is used to assess the degree of correlation among times series of the same physical phenomenon recorded at different places (Elosegui et al., 1997) . It has been successfully used in the areas of GPS geodesy, such as GPS coordinate time series and precipitable water vapor studies (Davis and Elgered, 1998; Aoki and Scholz, 2003) . Because EOF analysis does not allow for data gaps, the missing points in Fig. 1 were interpolated by cubic splines (Aoki and Scholz, 2003) . Figure 3 shows the first two primary modes and the corresponding eigenvectors. The eigenvectors of the first mode at each site have similar magnitudes (about −0.5) and direction. The linear velocity of the first mode signal is −8.8 mm/year, and this velocity translates into approximately 4.5 mm/year when it is multiplied by the magnitude −0.5. From the analysis of the first mode, it can be deduced that there is an uplift velocity of approximately 4.5 mm/year at INCH and PAJU, even though the two sites subside when all modes are combined. The linear velocity of the second mode signal is 9.9 mm/year; the eigenvectors of INCH and PAJU have similar characteristics, but the eigenvectors of the other three sites have different directions and magnitude. The magnitude of the second mode eigenvector is −0.7 for INCH and −0.5 for PAJU. From this series of analysis, we were able to conclude that the lower vertical velocities observed at INCH and PAJU are indeed unique and that they must have been caused by factors in the local environment.
The next step involved visiting the five sites and checking the site environment for any possible problem in monument stability. The GPS antennas at INCH, PAJU, and SEOS are installed at the top of 4-m-high stainless pillars, but both the monument and mount of these stations were found to be stable. SUWN and ICNW also have sturdy mounts and monument structures. The sky visibility at ICNW and SEOS is excellent, with signal reception above the 5
• elevation angle secured in all directions. SUWN, an International GNSS Service (IGS) site, is situated just east (50 m) of a small forest, but the treetops are not much higher than the antenna. Therefore, we concluded that these three sites (SUWN, ICNW, and SEOS) meet IGS Site Guidelines (Dow et al., 2005) ; in contrast, a number of problems were evident at sites INCH and PAJU.
INCH is surrounded by seven or eight trees in most directions, and the treetops are about 2-4 m higher than the antenna (Fig. 4) . The trees consist of two types of deciduous trees: Prunus yedoensis and Chinese pagoda trees. The distances to the tree trunks range vary from 4 to 6 m, but the antenna is only 2-4 m away from the nearest branches and foliage. At PAJU, vines and a small number of Black locust trees, about 6.5 m in height, grow just south of the station, at a distance of 4 m, although the nearest leaves are only approximately 3 m from the antenna (Fig. 4) . Two Metasequoia trees, between 8 and 10 m high, are located 10 m to the east of the station. There is also a 5.2-m-high Black locus tree right next to the antenna to the west. Visual inspection suggested that the tree branches and thick foliage at INCH and PAJU would be likely to prevent the GPS signal from reaching the antenna located below the treetops in some low elevation angles. Sky visibility is better at PAJU because the tree density is not as high as at INCH. The effect of signal blockage can be investigated by taking different elevation cutoff angles in the GPS data processing. The elevation cutoff angle test results and the signal availability analysis are described in the following section.
Signal Availability due to Foliage
The effect of deciduous tree foliage on GPS can be classified in two categories: signal availability and signal attenuation. Signal availability is a function of the GPS signal not penetrating thick foliage and, consequently, the GPS an- tenna being unable to receive the signal. Signal attenuation occurs when (1) the GPS signal goes through thin foliage and reaches the antenna; (2) the signal reflects or bounces off the foliage. The latter case of signal attenuation can be considered as multipath error. In this section, we introduce signal availability analysis. Signal attenuation, due to foliage, is investigated in the next section.
The relation between the height estimates and the elevation cutoff angle was modeled by processing 10 days of GPS data with 25 different values of elevation cutoff angle.
The station used for this study, JINJ, is located in southern Korea. JINJ has one of the best sky visibilities among permanent GPS sites in Korea-there are no buildings or trees within 100 m. The daily files from 1 to 10 January 2008 were processed and the elevation cutoff angles incremented by 1
• from 5
• to 30
• for each day. Figure 5 displays the experimental results, with the horizontal axis denoting the elevation cutoff angle and the vertical axis denoting the height difference (in cm) from the height estimate obtained with a 5
• elevation cutoff angle. On DOYs 006 and 010, the height estimates differ as much as 10 cm between 5
• and 30
• . Abrupt height changes were observed in the range of 20-30
• . The averages and standard deviations of the 10-day variations were computed for each angle and are depicted in Fig. 6 , which also shows the horizontal (north and east) components. Variations in the north and east components are <1 cm in all cases, with the north component being at most 0.3 cm. Height differences are up to 8-9 cm.
The second-degree polynomial function, as a function of elevation cutoff angle, was fitted in weighted least-squares to the coordinate differences; this is given as a solid line in Fig. 6 . In the case of the vertical coordinate, the fitted function was U = −0.4055 + 0.0630ε co − 0.0103ε 2 co . In this equation, U is the height difference in centimeters, and ε co is the elevation cutoff angle in degrees. This function was used to determine the height changes at 5
• intervals. The calculated changes were −0.8 cm from 5
• to 10
• , −1.0 cm from 10 • to 15
• , −1.5 cm from 15
• to 20 • , −2.0 cm from 20
• to 25 • , and −2.5 cm from 25
• . This result led us to conclude that the decreasing rate in the estimated heights grows rather rapidly with increasing elevation cutoff angle. If we assume that the foliage is thick enough to block the GPS signals, its effect will be similar to that of increased elevation cutoff angles, namely, the estimated height will be lower.
To confirm that the thick foliage growing above the GPS antenna can actually block the GPS signals, we used observation ratios computed by TEQC. TEQC allows the user to translate data from the binary receiver format to the standard Receiver Independent Exchange (RINEX) format, enabling existing RINEX files to be edited, and data to be checked for quality before post-processing (Estey and Meertens, 1999) . As one of the quality-checking functions, TEQC can compute the ratio of complete to possible observations as a percentage. We used this observation ratio to determine whether the ratio has a seasonal variation. If the signals are blocked by thick foliage, the observation ratio should be lower in the summer months than in the winter. The INCH site was chosen for this test because it is surrounded by trees growing above the antenna and shows the lowest uplift velocity. We ran TEQC on RINEX files for the same data span as in Fig. 1 and computed the daily observation ratios. During this period, no hardware changes or firmware upgrades were conducted at the site, thus the change in the observation ratio should be caused only by the growing trees. The observation ratio was computed for possible measurements above an elevation angle of 10
• . Figure 7 depicts the ratio variations for about 2.5 years.
The observation ratio was found to have a clear seasonal variation, with a value of approximately 90% in the winter season, becoming smaller during the summer. In addition to the seasonal fluctuations, the observation ratio during the summer season continuously decreases over time, from approximately 86% in 2006 to approximately 84% in 2007, suggesting a relationship between decreases in the obser-vation ratio and annual tree growth and the corresponding increase in signal blockage. Figure 7 also clearly shows that the minimum ratio occurs during the months of July and August, which coincide with the period when the leaf area index in Korea is the highest (Kim et al., 2005) . The observation ratio also shows a decreasing trend over time during the winter season when all the leaves of deciduous trees fall, with monthly averages for January of 89.2% in 2006, 88.4% in 2007, and 87.8% in 2008 . This continuous, gradual reduction is believed to be caused by the growing stems and branches.
Signal Attenuation due to Foliage
This section deals with multipath error and signal attenuation due to foliage and its seasonal variation. To analyze multipath error, we used multipath indices computed by TEQC. The TEQC multipath indices MP1 and MP2 reflect the multipath error on pseudorange observables on L1 and L2, respectively (Estey and Meertens, 1999) . Among the currently available GPS carriers, the signal strength of L2 is weaker than L1 and, therefore, L2 signals are more susceptible to signal attenuation and to multipath. This makes MP2 a better indicator of the foliage effect; as such, we utilized MP2 instead of MP1 in this study. Earlier studies indicated that MP1 and MP2 values are dependent not only on the site environment, but also on the GPS receiver type and firmware version (Park et al., 1998) . Thus, for an objective evaluation of the site-specific multipath effect, MP2 values from the same kind of receiver with the same firmware version have to be compared. Of the five stations analyzed in this study, SEOS, INCH, and PAJU have the same kind of receiver (Trimble 4000SSi) with exactly the same firmware version. ICNW and SUWN were excluded from this analysis because both stations are equipped with a unique receiver: an Ashtech iCGRS receiver at ICNW and a Trimble NetRS at SUWN. The MP2 values can be calculated at selected measurement intervals, but to simplify the analysis we took daily averages from MP2 values sampled at 30-s intervals. The daily average MP2 values at each site were computed for more than 4 years to detect seasonal trends, if any. Figure 8 depicts the MP2 variations for SEOS, INCH, and PAJU for the period 2000-2007. During this period, some of the data are omitted because there was a receiver change or firmware upgrade. In Fig. 8(a) , the MP2 values of SEOS are shown for 6.5 years, with the horizontal axis denoting the year and the vertical axis the MP2 values (in meters). SOES has perfect sky visibility, with no trees and buildings near the antenna, and no signal attenuation or multipath effect is expected in this ideal environment. However, the MP2 values exhibit some annual trends, represented by sinusoidal fluctuations, with the maximum occurring in the summer months of June, July, and August and the minimum occurring in the winter months of December, January, and February. To determine the magnitude and rate of the annual variation, a function in the form of y = a + bt + A sin(ωt + φ 0 ) was fitted to the computed MP2 values. In the equation, the parameter a denotes the intercept, b the rate, A the amplitude, t the time in year, ω the circular frequency, and φ 0 the initial phase. From the five estimated parameters, we use the growth rate b and amplitude A as the main indicators for the annual variation of MP2 values. For SEOS, the rate is 0.1 cm/year with an amplitude of 3.8 cm. As there are no trees at the site, the rate and amplitude are very small. Even though the annual signal is small, its periodicity cannot be ignored. The cause of a small seasonal variation in MP2 values is believed to be a variable thermal effect on the GPS equipment, such as antennas, cables, and receivers (Larson and Levine, 1999) . INCH and PAJU exhibit very different characteristics from SEOS due to growing trees (Fig. 8) . Like SEOS, the two sites also have clear annual signals, but the magnitudes are higher: 8.2 cm for INCH and 5.0 cm for PAJU. Another feature that separates the two sites from SOES is that the MP2 values show significant increasing rates from 2004 onwards. This increase in MP2 values can only be caused by the growing trees: as the trees grow, not only the height of the treetop grows, but the number of leaves and the foliage thickness increase. The MP2 growth ratio for INCH and PAJU are 9.5 and 3.4 cm/year, respectively. The growth rate is higher for INCH than PAJU because INCH is almost completely surrounded by trees, while clear sky is visible in some directions at PAJU. The distances to the tree trunks are shorter at INCH than PAJU. To investigate the effect of the signal attenuation due to the foliage, we used the daily coordinate uncertainties from the parameter estimation obtained in the GIPSY-OASIS data processing. The 1-σ uncertainties were computed for all of the estimated parameters, but we only used 1-σ values for the height component. The 1-σ values are also dependent on the receiver type and firmware versions, so for an objective comparison we had to choose sites with the same hardware configuration. INCH and PAJU have the same receiver type and firmware version, but there was a receiver change at SEOS in December 2006. Consequently, we chose the DOND site (and not SEOS), which is only 40 km from PAJU. DOND has the same hardware as INCH and PAJU, and there are no trees around the antenna. When its data were processed for the same period as that shown in Fig. 1 , the uplift velocity was 5.4 mm/year, similar to that of ICNW, SEOS, and SUWN. The height uncertainties are consistent at DOND, staying in the range of 5-5.5 mm regardless of season. However, at INCH and PAJU, there are clear signs of an annual signal, with higher uncertainties in the summer season and lower ones in the winter. Notably, the uncertainties at INCH and PAJU are at the same level during the winter months, even though they are slightly lower at PAJU, while during the summer months, 1-σ values of INCH are definitely higher. The larger difference between INCH and PAJU during the summer can be explained by the presence of thicker foliage at INCH. The slightly higher uncertainties at INCH during the winter season are believed to be caused by more stems and branches at the site.
Conclusion
IGS Site Guidelines state that the site location should have a clear horizon with minimal obstruction at elevations >5
• (Dow et al., 2005) . Thus, buildings or structures near the GPS antenna that can block the signal should be avoided. Growing trees are even worse sources of error, not only because of their growth, but also due to seasonal changes of foliage. In our study, we have demonstrated the blockage of GPS signals due to foliage by analyzing seasonal changes in the ratio of complete to possible observations for permanent GPS stations. As expected, the observation ratio was higher in the winter season, when all of the leaves of deciduous trees have fallen. With the growth of trees grow above the antenna at one of the test sites, in 2007 the observation ratio of the summer season was found to drop from approximately 86% to in 2006 to approximately 84%. This signal blockage due to trees has the same effect as an increased elevation cutoff angle, decreasing the height estimate. The multipath error index MP2 was computed for more than 4 years for three permanent GPS sites with different foliage conditions. Seasonal signals in MP2 were observed at all sites, but those sites with thick foliage or higher tree density were found to have higher amplitudes and an increasing trend in annual variation. Signal attenuation due to foliage and the resulting degradation of accuracy were investigated with the coordinate uncertainties in the parameter estimation process. The 1-σ values in the height estimates also showed annual variation; their amplitudes were higher for the sites with thick foliage.
